Podocyte injury is an early pathological change characteristic of various glomerular diseases, and apoptosis and F-actin cytoskeletal disruption are typical features of podocyte injury. In this study, we found that adriamycin (ADR) treatment resulted in typical podocyte injury and repressed plectin expression. Restoring plectin expression protected against ADR-induced podocyte injury whereas siRNA-mediated plectin silencing produced similar effects as ADR-induced podocyte injury, suggesting that plectin plays a key role in preventing podocyte injury. Further analysis showed that plectin repression induced significant integrin α6β4, focal adhesion kinase (FAK) and p38 MAPK phosphorylation. Mutating Y1494, a key tyrosine residue in the integrin β4 subunit, blocked FAK and p38 phosphorylation, thereby alleviating podocyte injury. Inhibitor studies demonstrated that FAK Y397 phosphorylation promoted p38 activation, resulting in podocyte apoptosis and F-actin cytoskeletal disruption.
podocytes results in foot process effacement and is associated with the pathogenesis of proteinuria, which is common among a spectrum of chronic kidney diseases. [3] [4] [5] Therefore, elucidating the mechanisms underlying podocyte apoptosis and F-actin cytoskeletal disruption is critical for the development of promising therapies for glomerular diseases.
Adriamycin (ADR)-induced nephrosis is a commonly used animal model of podocyte injury as ADR can induce apoptosis and F-actin cytoskeletal disaggregation in podocytes. We previously identified dozens of proteins that are differentially expressed between the isolated glomeruli of rats with ADR-induced nephropathy and those of normal control (NC) rats (data not shown here) in a proteome analysis via isobaric tags for relative and absolute quantification (iTRAQ).
Among these differentially expressed proteins, a cytoskeletal linker protein known as plectin caught our attention because of its versatility and significant suppression in the glomeruli of ADR-treated rats.
In addition to functioning as a linker, plectin plays a crucial role in cellular processes involving actin cytoskeleton dynamics 6, 7 ; moreover, plectin can function as a scaffolding platform for signalling molecules, such as integrin α6β4 8, 9 and focal adhesion kinase (FAK), 10, 11 which is an intriguing new facet of its functional repertoire that has recently attracted attention from researchers. have been shown to play vital roles in ADR-induced podocyte apoptosis and F-actin cytoskeletal remodelling. 4, 14 Given that plectin is severely depleted in ADR-treated glomeruli, this study aimed to evaluate its effects in ADR-induced podocyte apoptosis and F-actin cytoskeletal rearrangement and explore its relationships with integrin α6β4 and FAK.
| MATERIALS AND METHODS

| Antibodies and reagents
Antibodies specific for WT1, synaptopodin, desmin, phospho-Y1494 integrin, integrin α6β4 and plectin were obtained from Abcam (Cambridge, UK), and antibodies that recognize glyceraldehyde-phosphate dehydrogenase (GAPDH), phospho-p38 MAPK, total p38 MAPK, phospho-Y397 FAK and cleaved caspase-3 were obtained from Cell
Signaling Technology (Beverly, MA). Antibodies specific for FAK and Bax were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
ADR was purchased from Sigma-Aldrich (St. Louis, MO). pEGFP-N1-plectin plasmids, plasmids containing mutant β4 cDNA and empty vectors (mock) were obtained from Biosune Biotechnology (Beijing, China). Small interfering RNA (siRNA) specific for plectin (siPlectin) and scrambled siRNA were custom designed and synthesized by
Sigma (St. Louis, MO). FAK inhibitor 14 was purchased from Tocris
Bioscience (Bristol, UK), and the p38 inhibitor SB203580 was purchased from MedChem Express (Monmouth Junction, NJ).
| Animals
Twenty male Sprague Dawley rats (200 g ± 20 g) were purchased from Shandong PengYue Laboratory Animals (Shandong, China). Rats were housed in a temperature-controlled room with a 12-hour light/ 12-hour dark cycle and given free access to food and water. These rats were randomly divided into two groups (n = 10 per group): the ADR group and NC group. ADR-induced nephropathy was achieved by a single injection of 7.5 mg/kg ADR (0.75 mg/mL in normal saline) via the tail vein. No rat died during the experiment. At the end of the 4th week after ADR injection, all rats were killed. Before death, body weight was recorded, and urine was collected from each rat in metabolic cages to determine 24-hour urine protein (UP) and 24-hour urine volume (UV).
Blood was collected from the abdominal aorta, and serum was pre- 
| Cell culture and treatment
The mouse podocytes used in this study were conditionally immortalized cells established by Dr. Peter Mundel (Harvard Medical School, Boston, MA). The podocytes were cultured in RPMI 1640 medium containing 10% foetal bovine serum (Gibco, Grand Island, NY), 100 U/ mL penicillin, 100 mg/mL streptomycin and 10 U/mL mouse recombinant interferon-γ (R&D Systems, Minneapolis, MN) at 33°C. 
| Immunoblotting
The podocytes were washed with cold PBS and lysed with RIPA buffer containing a proteinase inhibitor cocktail (Roche) and phosphatase inhibitors. Total protein was extracted from frozen renal cortical tissue samples using RIPA AQ3 lysis buffer (Beyotime Institute of Biochemistry, Shanghai, China). The cell lysates were separated on 12%, 10% or 8% gels and probed with the indicated primary antibodies. The proteins were subsequently detected by enhanced chemiluminescence (Pierce: Waltham, MA). The blocking buffer used for phospho-immunoblotting contained 5% (w/v) BSA.
| Real-time PCR analysis
Total RNA was extracted from the podocytes using TRIzol (Omega Bio-Tek: Norcross, GA), and cDNA was synthesized using a Firststrand cDNA Synthesis Kit (Fermentas, Burlington, Ontario, Canada 
| Flow cytometry for apoptosis analysis
After treatment, the podocytes were stained with fluorescein-isothiocyanate-labelled Annexin V and propidium iodide according to the manufacturer′s instructions (BioLegend: San Diego, CA) and analysed by flow cytometry on an FACSAria III flow cytometer (Becton Dickinson, Franklin Lakes, NJ).
| ROS measurement
Dichlorodihydrofluorescein diacetate (DCFH-DA) was used to detect the ROS level of podocytes. In time-course experiments, exponentially growing podocytes were treated with ADR (0.5 μg/mL) for 0, 1, 
| Immunofluorescence staining
The cells were fixed in 4% paraformaldehyde for 30 minutes at room temperature and then incubated with 1% BSA (with 0.3% Triton X-100) for 60 minutes. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). For F-actin staining, the cells were stained with FITC-labelled phalloidin for 60 minutes at room temperature before staining with DAPI. Fluorescence was detected by laser scanning confocal microscopy (Leica, Wetzlar, Germany).
| Renal histological investigation
Renal tissue specimens were fixed in a 4% formaldehyde solution for 48 hours, dehydrated in graded ethanol solutions, and then embedded in paraffin before being sectioned at a thickness of 5 μm. Morphological analysis of glomerular injury was conducted by light microscopy following haematoxylin and eosin staining. 
| Electron microscopy
Kidney cortical tissue samples were separated into 1-μm-thick blocks on ice and then immediately placed in 3% glutaraldehyde for 2 hours at 48°C before being post-fixed with 1% osmium tetroxide for 1 hour, stained with 2% aqueous uranyl acetate, and dehydrated in graded ethanol solutions. After infiltration and polymerization, ultrathin sections were prepared, stained with uranyl acetate and lead citrate, and examined under an H-800 transmission electron microscope (Hitachi Electronic Instruments, Tokyo, Japan).
| Statistical analysis
Statistical analyses were performed with SPSS 13.0 (SPSS Inc., Chicago, IL). Data were analysed by Student's t test or one-way ANOVA followed by Student-Newman-Keuls post hoc tests. All statistical tests were two-sided and a P value < 0.05 was considered statistically significant for all tests.
| RESULTS
| ADR down-regulated plectin expression and induced podocyte injury
We treated podocytes with 0.5 or 1 μg/mL ADR for 6, 12, or 24 hours and then assessed plectin expression by qPCR and Western blot. We found that ADR down-regulated plectin mRNA and protein expression in a concentration-and time-dependent manner in treated cells compared with control cells ( Figure 1A ,B). However, there was no difference in plectin expression between the cells trea- In this study, we also assessed the expression of several classical biomarkers that reflect podocyte injury. WT1 and synaptopodin are two specific podocyte markers whose expression is reduced when glomerular damage is present. Desmin has also been shown to be a sensitive marker of podocyte damage. WT1, synaptopodin and desmin protein levels were measured in podocytes by Western blot.
The results showed that WT1 and synaptopodin expression levels were significantly reduced and desmin expression levels were increased in cells treated with 0.5 μg/mL ADR for 12 hours compared with control cells ( Figure 1F ,G).
| ADR down-regulated plectin expression through mitochondrial oxidative stress
Previous studies have shown that ADR caused mitochondrial dysfunction in podocytes, and the increased production of reactive oxygen species (ROS) by mitochondrial oxidative stress is one of the major manifestations. 19, 20 In this study, we found that 0.5 μg/mL ADR treatment on podocytes for 1 hour caused significant increase F I G U R E 2 ADR suppressed plectin expression through mitochondrial oxidative stress. A-B, Flow cytometry analysis showed that 0.5 μg/mL ADR treatment on podocyte for the indicated times caused an increase in ROS production. **P < 0.01 vs NC group. C-E, Changes in plectin mRNA and protein expression in podocyte treated with 0.5 μg/mL ADR for the indicated times. *P < 0.05, **P < 0.01 and N.S., not significant vs NC group. F-G, Flow cytometry analysis showed that 0.5 μg/mL ADR treatment on podocyte for 4 h caused an increase in apoptosis rate. *P < 0.05, **P < 0.01 and N.S., not significant vs NC group. H, Flow cytometry analysis showed that mitochondrial protective agent MitoTEMPOL (10 μmol/L) significantly decreased ROS production in ADR-treated podocyte. I-J, Western blot analysis showed that plectin expression was significantly increased in ADR + MitoTEMPOL group compared with ADR group. Data shown are representative of five independent experiments (n = 5). NC, normal control podocyte; ADR, podocyte treated with 0.5 μg/mL adriamycin for 12 h; ADR + MitoTEMPOL, podocyte treated with 0.5 μg/mL adriamycin and 10 μmol/L MitoTEMPOL for 12 h in ROS production (Figure 2A,B) , at which time-point plectin mRNA and protein expression have not been down-regulated ( Figure 2C-E 
| Plectin suppression produced similar effects as ADR-induced podocyte injury
To confirm the above findings, we disrupted plectin expression in normal podocytes using siRNA and observed the subsequent changes in podocyte injury. We screened three siRNAs and found that si-3 most effectively and significantly reduced plectin protein levels in the podocytes ( Figure 4A ). Western blot analysis showed that plectin levels were significantly decreased in the NC + siPlectin group compared with the NC and NC + scramble groups ( Figure 5A 
| Plectin suppression led to integrin α6β4, FAK and p38 activation
To elucidate the mechanism by which plectin suppression promotes podocyte injury, we monitored the activity of various signalling pathways in ADR-and siPlectin-treated podocytes. Plectin is known to be an important ligand for integrin α6β4. Phosphorylated integrin α6β4 can recruit and activate FAK, 21 an important upstream mediator of the p38 pathway. 12 Both FAK and p38 have been shown to be involved in nephropathy development. 12 Therefore, we specifically examined integrin α6β4, FAK and p38 expression and activity. Western blot analysis showed that integrin α6β4, FAK and p38 phosphorylation levels were significantly increased in the ADR-treated group compared with the NC group, whereas total protein levels were similar between the two groups ( Figure 3J 
| The time-course effect of siPlectin on the phosphorylation of integrin α6β4, activation of FAK and p38
To investigate the time-course effect of siPlectin on the phosphorylation of integrin α6β4, activation of FAK and p38, as well as induction of cell apoptosis, we collected podocyte at five different timepoints (24, 48, 72, 120 and 168 hours) after siPlectin was added to the podocyte culture medium. We chose these time-points based on previous studies [22] [23] [24] [25] in which cells were collected 48 or 72 hours after siPlectin was added to the culture medium and significant down-regulation of plectin expression and activation of downstream signalling pathways were demonstrated.
Western blot analysis showed that the protein expression of plectin was significantly decreased after 48 hours siPlectin treatment and recovered after 120 hours siPlectin treatment ( Figure 4D ). The activation of integrin α6β4 and FAK peaked at 72 and 120 hours, and decreased at 168 hours ( Figure 4E,F) . Activities of p38 gradually increased after 72 hours siPlectin treatment and reached its peak at 168 hours ( Figure 4G ). Flow cytometry revealed that the apoptosis rate of podocytes was significantly increased after 48 hours siPlectin treatment and further increased after 120 and 168 hours siPlectin treatment ( Figure 4C ).
| Y1494 of integrin α6β4 contributed to plectin-dependent podocyte injury as well as FAK and p38 activation
The above experiments demonstrated that decreased plectin expression enhanced integrin α6β4, FAK and p38 phosphorylation levels.
F I G U R E 3
Restoring plectin expression prevented ADR-induced podocyte injury. For the ADR group, podocyte was treated with 0.5 μg/mL ADR for 12 h. For the ADR + plectin group or ADR + MOCK group, podocyte was incubated with pEGFP-N1-plectin plasmids or empty vectors for 6 h and then cultured normally for 42 h, 0.5 μg/mL ADR was added 12 h prior to cell harvest. A-B, Real-time PCR and Western blot analysis showed that plectin expression was 2-3 times of that in control group after transfecting pEGFP-N1-plectin plasmids into podocyte. C-D, Western blot showed that plectin protein expression levels were significantly increased in the ADR + plectin group compared with the ADR and ADR + Mock groups. E-F, Flow cytometry analysis showed that podocyte apoptosis was alleviated in the ADR + plectin group compared with the ADR and ADR + Mock groups. G, Immunofluorescence staining showed that restoring plectin expression in the ADR + plectin group ameliorated ADRinduced F-actin filament disruption. H-I, Western blot showed that WT1 and synaptopodin protein expression levels were increased and that desmin protein expression levels were decreased in the ADR + plectin group compared with the ADR and ADR + Mock groups. J-K, Western blot showed that integrin α6β4, FAK and p38 phosphorylation levels were higher in the ADR group than in the NC group. Restoring plectin expression in the ADR + plectin group suppressed integrin α6β4, FAK and p38 phosphorylation but had no effect on total integrin α6β4, FAK and p38 expression levels. Data shown are representative of three independent experiments (n = 3). **P < 0. Western blot analysis indicated that Y1494 phosphorylation levels, as well as FAK and p38 phosphorylation levels, were significantly decreased in the NC + siPlectin + β4 mutant group compared with the NC + siPlectin and NC + siPlectin + Mock groups ( Figure 5H,I ), suggesting that FAK and p38 are downstream effectors of integrin α6β4 whose activation is controlled by plectin. In addition, we found that podocyte injury was mitigated in the NC + siPlectin + β4 mutant group compared to the NC + siPlectin and NC + siPlectin + Mock groups. This change manifested as decreased apoptosis ( Figure 5C,D) , improved F-actin cytoskeletal organization ( Figure 5E ), elevated WT1 and synaptopodin expression, and decreased desmin expression ( Figure 5F ,G).
| Phosphorylation of tyrosine 397 (Y397) on FAK promoted p38 activation
Activated integrin α6β4 has been shown to recruit FAK, thereby inducing Y397 autophosphorylation 21 and triggering the expression of downstream effectors, such as p38. 12 Thus, we evaluated the effects of phosphorylated FAK Y397 on podocyte injury and the Mutating integrin α6β4 reversed siPlectin transfection-induced F-actin disruption. F-G, Western blot showed that WT1 and synaptopodin expression levels were significantly decreased and that desmin expression levels were significantly increased in the NC + siPlectin group compared with the NC + Scramble group. These abnormalities were partially reversed by integrin α6β4 mutation in NC + siPlectin + β4 mutant group. H-I, Western blot showed that siPlectin transfection activated integrin α6β4, FAK and p38 phosphorylation, whereas mutating integrin α6β4 abolished the effects of siPlectin. Data shown are representative of three independent experiments (n = 3). **P < 0.01; N.S., not significant. ADR, adriamycin; F-actin, filamentous actin; FAK, focal adhesion kinase; NC, normal control relationship between FAK and p38. Western blot analysis showed that FAK inhibitor 14, a specific FAK Y397 inhibitor, 21 suppressed p38 activation by preventing FAK Y397 phosphorylation but had no effect on integrin α6β4 phosphorylation, suggesting that FAK is an upstream inducer of p38 and a downstream effector of integrin α6β4 ( Figure 6E,F) . Western blot analysis also showed that WT1 and synaptopodin expression levels were higher, and desmin expression levels were lower in the NC + siPlectin + FAK inhibitor 14 group than in the NC + siPlectin and DMSO groups ( Figure 6B ). Flow cytometry analysis and immunofluorescence staining also showed that podocyte injury was attenuated in the NC + siPlectin + FAK inhibitor 14 group compared with the NC + siPlectin and DMSO groups. These changes manifested as decreases in apoptosis ( Figure 6C ) and improvements in F-actin cytoskeletal reorganization ( Figure 6D ). Our findings suggested that blocking FAK Y397 phosphorylation inhibited p38 activation, thereby attenuating podocyte injury.
| p38 activation triggered apoptosis and F-actin disruption
p38 is believed to be a critical mediator of cell apoptosis 28 and a regulator of cytoskeletal stability. 4 p38 also plays a key role in the progression of podocyte injury and proteinuria in various glomerulopathies. 29 These findings prompted us to investigate the role of 
| ADR treatment decreased plectin expression, activated integrin α6β4, FAK and p38, and induced renal injury in rats
The mean body weights of the two groups were similar before ADR treatment. Four weeks later, the body weight of the ADR-treated group was significantly lower than that of the NC group. The 24-hour UP, BUN and SCr levels were significantly higher in the ADR group than in the NC group, and 24-hour UV was significantly lower in the ADR group than in the NC group. These results are shown in Table 2 . Podocyte foot process effacement is an early finding in many glomerular diseases and accompanies podocyte slit diaphragm loss and proteinuria development. 31 Electron microscopy revealed the presence of preserved thin and long foot processes in the NC group;
however, foot process diffusion and effacement as well as glomerular basement membrane (GBM) thickening, slit diaphragm loss and mesangial sclerosis were observed in the ADR-treated group at 4 weeks after ADR injection ( Figure 8B ).
The protein levels of the classic podocyte markers WT1 and synaptopodin as well as those of the injury marker desmin were also detected in vivo using Western blot. WT1 and synaptopodin expression levels were significantly decreased while desmin expression levels were increased in ADR-treated rats compared with NC rats (Figure 8C,D) .
To determine whether plectin played a role in renal injury in vivo, we examined plectin protein expression in the renal cortices of the rats. Western blot analysis showed that plectin expression levels were significantly decreased in the ADR group compared with the NC group ( Figure 8E,F) . Plectin down-regulation in the podocytes of ADR-treated rats was confirmed by immunohistochemical staining of the rat renal tissues ( Figure 8G,H) . A previous study verified that plectin is predominantly localized in the perinuclear regions of podocytes 32 ; however, we found that plectin was not only localized in the podocytes of the glomeruli but also expressed in the epithelial cells of the collecting ducts ( Figure 6H ). Consistent with the Western blot analysis results, the findings from the immunohistochemical staining experiments showed that the plectin staining intensity in podocytes was significantly decreased in the ADR group compared with the NC group ( Figure 6G ). However, the staining intensity in the epithelial cells of the collecting ducts was not significantly different between the two groups (data not shown).
Integrin α6β4, FAK and p38 expression and activity were examined in vivo. Western blot assays showed that integrin α6β4, FAK and p38 phosphorylation levels were significantly increased in the ADR-treated group compared with the NC group, whereas the total protein levels were similar between the two groups ( Figure 8I,J) .
Moreover, the expression levels of the podocyte apoptosis markers
Bax and cleaved caspase-3 were significantly up-regulated in the ADR-treated group compared with the NC group ( Figure 8K,L) . A, Western blot showed that siPlectin transfection successfully silenced plectin protein expression in the NC + siPlectin group. Inhibiting FAK in the NC + siPlectin + FAK inhibitor group or p38 in the NC + siPlectin + p38 inhibitor group had no effect on plectin expression. B, Western blot showed that FAK inhibition or p38 inhibition significantly attenuated the abnormalities in WT1, synaptopodin and desmin expression induced by siPlectin. C, Flow cytometry showed that FAK inhibition or p38 inhibition significantly alleviated siPlectininduced apoptosis. D, Immunofluorescence staining showed that FAK inhibition or p38 inhibition reversed siPlectin-induced Factin disruption. E-F, Western blot showed that integrin α6β4, FAK and p38 phosphorylation levels were elevated in the NC + siPlectin group. FAK inhibition at the Y397 site did not affect siPlectininduced integrin α6β4 phosphorylation levels but decreased p38 phosphorylation levels in the NC + siPlectin + FAK inhibitor group compared with the NC + siPlectin + DMSO group. p38 inhibition in the NC + siPlectin + p38 inhibitor group had no impact on integrin α6β4 and FAK phosphorylation levels. Data shown are representative of three independent experiments (n = 3). **P < 0.01; N.S., not significant. ADR, adriamycin; F-actin, filamentous actin; FAK, focal adhesion kinase; NC, normal control Our study demonstrated that plectin, a cytoskeleton linker protein, had a substantial impact on F-actin cytoskeletal assembly and podocyte apoptosis and thus plays an important role in podocyte function. Plectin, a 500-kD multidomain protein extensively expressed in podocytes, has a dumbbell-like structure comprising a central 200-nm-long rod domain flanked by two large globular domains. 33 This multidomain structure enables plectin to interact with a vast array of different protein and significantly affect their functionality. 34 In this study, we adopted the widely used ADRinduced podocyte injury model. This model is ideal for elucidating the mechanisms underlying podocyte injury, as it is characterized by F-actin cytoskeletal damage and podocyte apoptosis and simulates F I G U R E 7 p38 induced podocyte apoptosis by activating Bax and caspase-3. For the ADR group, podocyte was treated with 0.5 μg/mL ADR for 12 h. For the ADR + plectin group or ADR + MOCK group, podocyte was incubated with pEGFP-N1-plectin plasmids or empty vectors for 6 h and then cultured normally for 42 h, 0.5 μg/mL ADR was added 12 h prior to cell harvest. For the NC + siPlectin group and NC + Scramble group, podocyte was transfected with siPlectin or scramble RNA respectively at a final concentration of 20 nmol/L for 4 h and then cultured normally for 68 h. For p38-MAPK inhibitor study, podocyte was preincubated with the p38 inhibitor SB203580 (5 μmol/L) or DMSO vehicle for 1 h before siPlectin transfection and then incubated for an additional 72 h until podocyte collection. A-B, Western blot showed that Bax and cleaved caspase-3 protein expression levels were elevated in ADR-treated podocyte compared with NC podocyte and that recovering plectin expression inhibited the activation of these pro-apoptotic proteins. C-D, Western blot showed that siPlectin transfection increased Bax and cleaved caspase-3 protein expression in the NC + siPlectin group compared with the NC + Scramble group, whereas p38 inhibition blocked the siPlectin-induced activation of these proteins. Data shown are representative of three independent experiments (n = 3). *P < 0.05 and **P < 0.01 Integrin activation is controlled by competitive interactions involving the cytoplasmic domains, particularly the β-tails. 35 Previous studies about podocyte injury mainly focused on integrin β1 or integrin β3.
For example, NF-kappa B and other pro-inflammatory transcription factors can induce the activation of downstream integrin β3, leading to podocyte injury and proteinuria. 36 Whereas the expression of integrin β1 in podocyte was considered negatively correlated with the severity of proteinuria. 37 Elevated expression of TGF-β1 or ROS induced decreased expression of integrin β1, resulting in the production of proteinuria. 38, 39 In contrast to the other β subunits, the integrin β4 subunit contains an exceptionally large cytoplasmic domain comprising several major tyrosine phosphorylation sites and thus F I G U R E 8 ADR contributed to the development of proteinuria and renal dysfunction by inhibiting plectin expression and activating the integrin α6β4/FAK/p38 pathway. ADR induced nephropathy was introduced by a single injection of 7.5 mg/kg ADR via the tail vein. All rats were killed at the end of the 4th week after ADR injection. A, Light microscopic examination revealed glomerular atrophy and disappearance as well as renal tubular swelling after ADR treatment. B, TEM examination of the NC group revealed the presence of normal glomerular ultrastructure. TEM examination of the ADR group revealed the presence of diffuse foot process effacement, GBM thickening, slit diaphragm loss and mesangial sclerosis. C-D, Western blot showed that WT1 and synaptopodin protein expression levels were decreased and that desmin protein expression levels were increased in the ADR group compared with the NC group. E, Western blot showed that plectin expression was suppressed in the ADR-treated group (n = 5) compared with the NC group (n = 5). F-G, Immunohistochemical analysis showed that plectin expression in glomeruli was decreased in ADR treated kidney tissues (n = 5) compared with normal kidney tissues (n = 5). H-I, Western blot showed that integrin α6β4, FAK and p38 were activated by ADR treatment. J-K, Western blot showed that cleaved caspase-3 and Bax protein expression was increased in the ADR group (n = 5) compared with the NC group (n = 5). **P < 0.01 regulates multiple intracellular signalling pathways. 40, 41 The integrin β4 subunit can pair only with the integrin α6 subunit 42 ; thus, the expression levels of the β4 subunit can be used to reflect the expression levels of integrin α6β4. Few studies on integrin α6β4 in podocytes have been conducted. The majority of previous studies on integrin α6β4 have focused on the hemidesmosome in various epithelial cells. Integrin α6β4-plectin binding is essential for the formation and stabilization of the hemidesmosome, an anchoring structure that mediates the attachment of epithelial cells to the cell substratum. 9 Podocytes are specialized epithelial cells whose foot processes attach to the GBM. The F-actin-based cytoskeleton of podocytes stabilizes these foot processes and is linked to adhesion receptors, such as integrins, through focal contacts, which allow podocytes to form strong adhesive bonds with the GBM. 17 As the foot processes of podocytes play a role similar to that of hemidesmosomes in epithelial cells, it is not difficult to imagine that the interactions between integrin α6β4 and plectin are also important for podocyte structure and function.
There are mainly two important combinations between plectin and integrin β4. The first interaction occurs between the actin-binding domain of plectin and the first pair of fibronectin type III (FNIII-1,2) domains and a small part of the connecting segment (CS) of β4. 8, 43, 44 The second interaction occurs between the plakin domain of plectin and the CS and C-tail of integrin β4. 45, 46 When plectin binds to integrin β4, FNIII-3, FNIII-4 and the C-terminal tail of β4 are crimped into a loop structure. 9, 47 Y1494 is a critical tyrosine residue localized in the FNIII-3 domain of the integrin β4. 48 The results in this study showed that the Y1494 site of integrin β4 was phosphorylated when plectin expression was down-regulated.
According to the molecular spatial conformation that plectin binds to integrin β4, we speculate that, when plectin is bound to integrin β4, the Y1494 site in the FNIII-3 domain of integrin β4 is covered in the loop structure and cannot be phosphorylated. When plectin is downregulated and dissociates from integrin β4, the spatial conformation of the C-terminus of β4 changes, leaving the loop structure open to a linear structure. 49, 50 At this time, Y1494 residue at the FNIII-3 domain of β4 is exposed and can be phosphorylated. Thus, it is reasonable to speculate that plectin-integrin α6β4 binding may maintain Y1494 in an inhibited state and that loss of plectin-integrin α6β4
binding results in the dissociation of Y1494 from integrin α6β4 and subsequent phosphorylation of integrin α6β4 by various upstream factors. In this study, we noted that suppression of plectin expression directly elevated Y1494 phosphorylation in ADR-treated podocytes and plectin-knockdown podocytes compared with NC podocyte; these findings support the above hypothesis. Previous studies have shown that integrin α6β4-plectin binding was dynamically regulated by integrin α6β4 phosphorylation. 51 Specifically, β4
phosphorylation prevented plectin from binding with integrin α6β4.
The results of our study showed for the first time that the binding of plectin to integrin α6β4 also conversely inhibits integrin α6β4
phosphorylation. We noted that total integrin α6β4 levels were mildly decreased in ADR-treated podocyte compared with NC podocyte. However, in contrast to phosphorylated integrin α6β4 levels, total integrin α6β4 levels were not affected by plectin expression, indicating that integrin α6β4 phosphorylation rather than total integrin α6β4 expression induces the abovementioned changes in podocyte.
Phosphorylated integrin β4 successively activates FAK and p38, a phenomenon that may represent a core mechanism underlying F-actin cytoskeletal rearrangement and podocyte apoptosis. We mutated Y1494 of the integrin β4 subunit and used FAK inhibitor 14 and the p38 inhibitor SB203580 to confirm the upstream and downstream relationships among the above molecules. The results showed that mutating Y1494 of integrin β4 decreased FAK and p38 phosphorylation as well as attenuated apoptosis and F-actin cytoskeletal rearrangement, suggesting that integrin β4 is the upstream inducer of FAK and p38. We also found that FAK inhibitor 14 inhibited FAK and p38 activity but had no impact on integrin β4 phosphorylation levels, suggesting that FAK is the upstream inducer of p38. Meanwhile, SB203580 prevented p38-induced apoptosis and F-actin reorganization but failed to alter integrin β4 and FAK activation, indicating that p38 is a downstream effector of FAK signalling and may also be a direct inducer of apoptosis and F-actin cytoskeletal rearrangement.
Focal adhesion kinase is an intracellular non-receptor tyrosine kinase and a classical downstream target of integrins. Multiple studies have provided evidence indicating that FAK is expressed in podocytes and is activated in many podocyte pathologies and glomerular diseases. 4, 14 A previous study showed that integrin α5β3-mediated FAK/PI3K pathway activation played a critical role in podocyte F-actin cytoskeletal rearrangement. 52 Our study demonstrated that F I G U R E 9 Schematic representation of the mechanism by which plectin repression promotes apoptosis and F-actin cytoskeletal disruption in podocyte integrin α6β4, another integrin family heterodimer, also activated FAK and induced actin filament rearrangements. shown to protect podocytes from injury in vitro and ameliorate proteinuria in vivo. 29, 53 A recent study showed that the FAK/p38 axis contributed to foot process effacement and proteinuria development in a rat model of short-term hypercholesterolaemia by modulating podocyte apoptosis and F-actin reorganization. 4 Consistent with this finding, the results of our study demonstrated that the FAK/p38 axis plays an important role in ADR-induced podocyte injury and showed that plectin and integrin α6ß4 are the upstream inducers of this axis.
P38 likely mediates podocyte injury by triggering apoptosis and F-actin reorganization. p38 activation has been shown in many previous studies to be strongly correlated with increases in the expression levels of the apoptosis-related proteins Bax and cleaved caspase-3. 54, 55 In this study, p38 inhibition reduced siPlectin-induced podocyte apoptosis and decreased Bax and cleaved caspase-3 expression, findings that are consistent with those of prior studies. Previous studies have also shown that p38 activation inhibits actin polymerization and decreases F-actin levels to maintain a dynamic and balanced F-actin cytoskeleton and normal podocyte foot process structures. 4 These findings were also observed in siPlectin-treated podocyte and ADR-treated rats in this study. Synaptopodin is an important slit diaphragm protein and an actin-organizing protein that shows a fibre-like pattern characteristic of peripheral actin stress fibres. Synaptopodin protects the podocyte cytoskeleton in vitro and safeguards against filter barrier damage in mice by dynamically controlling the actin cytoskeleton in podocytes. 35, 56 Synaptopodin down-regulation drives major actin cytoskeletal reorganization, foot process effacement and proteinuria development. 57, 58 In this study, This study has identified novel targets that may be used for the development of therapies for podocyte injury-related glomerulopathies.
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